Abstract-This paper reports a self-powered WSN system based on piezoelectric energy harvesting and used for aircraft health monitoring. The system consists of three main subsystems, energy harvesting unit, MCU & wireless transceiver unit, and sensors unit. The prototype has dimension of 138 mm (L) x 41 mm (W) x 23 mm (H) with a weight of only 40 grams, making it easily integrated and implemented in an aircraft environment.
I. INTRODUCTION
The increasing interest in aircraft health monitoring (AHM) has heightened the need for Wireless Sensor Network (WSN) during the last decades [1] - [6] , as the wired network used in AHM reduces overall system reliability and increases overall system weight and cost.
However, the main constraint which limits the further development of WSN is the power source [7] , as the WSN applications powered by batteries or rechargeable batteries have shortcomings like large size, low capacity, limited working life, and replacement cost.
With the rapid advancement of microelectronics, ultra-low power sensors and microcontrollers, low power wireless transceivers are available nowadays. Therefore, energy harvesting technology is getting more and more attention to replace the batteries and extend the lifespan of WSNs in the aircraft environment [8] [9] .
The most promising and widely-used energy harvesting approaches for WSNs are extract power from the ambient by using for example, light, vibration or motion energy, thermal energy, and radio frequency (RF) radiation. Table 1 [10] summarizes the approximate amount of energy that can be harvested from environmental sources. The power consumed by a WSN system is from tens of µW (sleeping) to tens of mW (transmitting) [11] , the same order of magnitude as the energy harvested from the ambient, thus it is possible to power a WSN node with the use of energy harvesting technologies. Table 1 Comparison of most common energy sources and the harvested power available in the ambient [10] As shown in Table 1 , solar energy has higher power density than other energy harvesting technologies thus is used in a wide variety of outdoor applications based on solar cells. However, the drawback of this approach is that it is more dependent on the environmental conditions. For the applications on the aircrafts which flying at night or in overcast conditions, this method is inefficient or even infeasible.
Thermoelectric generator (TEG) uses the Seebeck effect to collect power energy. The main element of a TEG is thermopile which is comprised of thermocouples placed between a cold and a hot plate and connected in parallel. An electric voltage can occur if the thermocouple is subjected to a temperature gradient. As there are significant temperature gradients on an aircraft during the flight as those between wing tanks and external air [12] , thermal energy harvesting technology and relevant techniques have been extensively studied and implemented in aerospace applications in a large number of researches over the last decade [12] - [21] . However, there are also big issues with this method used on the aircraft including (1) Temperature gradients may not occur straight away after take-off. (2) There are few or no temperature gradients during the cruise which takes up most of a long flight. (3) It would be difficult to implement this approach in enclosed environments like the cabin in particular where an AHM system is required.
Compared with the solar and thermal energy, vibration energy harvesting has the distinct advantage when used in the aircraft environment. As vibration is the widespread source that exists in abundance on an aircraft, vibration harvesters can generate power as soon as the aircraft start running. Four typical methods used to harvest power from vibrations are electromagnetic, electrostatic, piezoelectric, and magnetostrictive transducers. Piezoelectric energy harvester is getting more popular and widely used as it has many advantages, such as, simple and thin structure which without the need of moving parts, no heat, no electromagnetic pollution, easy to manufacture and integrate, etc. Piezoelectric technology has been studied and reported in many researches recent years and this technology is seen as the promising approach in aerospace applications.
Anton et al. investigated the concepts and possibility of harvesting vibration energy in a mini UAV. They performed a proof of concept study through flight testing of an RC aircraft and results showed promise for the ability to use vibration energy harvesting in UAV applications to supply low-power subsystems [22] .
Researchers from the University of Exeter reported that they had developed a "proof-of-concept" energy harvesting powered wireless sensor node demonstrator to harvest aircraft wing strain energy for structural health monitoring applications. The system integrated piezo-fibre composites with carbon fibre laminates to harvest energy from the vibration of air vehicles in an active service and generated 2-12mW at 1-10Hz and 230-570µε for 25 cm2 [23] .
MicroGen Systems, Inc. had developed Power Cells which comprise micro-power generators (MPG) and power management circuits. The MPG is based on piezoelectric energy harvesting and fabricated using proprietary piezoelectric Microelectromechanical Systems (piezo-MEMS) platform technology. The Power Cell is ideal to power autonomous wireless sensors as it can operate at the frequency of 100, 120 and 600 Hz, convert mechanical vibration to electrical energy, and output power up to 900 µW [24] . The product is still in development and hasn't been launched in the market.
Advanced Cerametrics Inc. (ACI) developed a selfpowered wireless sensor system based on their piezoelectric fiber composite (PFC) generators [25] . The system allows for real-time access of source data and can provide health status awareness by monitoring environmental conditions such as temperature, humidity, vibration, and shock data. However, this technology is currently under contract with the military and is temporarily unavailable for sale to the commercial marketplace.
As discussed above, piezoelectric energy harvesting approach shows a real potential for powering a WSN system, however, only few reports [19] , [22] , [23] , [26] - [28] mention the applications of piezoelectric energy harvesting in aerospace and most of them are simple fundamental principle tests or proof-of-principle experiments. Furthermore, a mature WSN system used for AHM and based on piezoelectric energy harvester is still not commercial available now.
In this paper, a design of a WSN system used for aircraft health monitoring based on piezoelectric energy harvesting is presented. A new power management strategy for the applications using capacitors to store harvested energy was proposed. The mechanism relies on the analysis of how much energy has been stored on capacitor to determine the executions of the operations in the system. A novel energy saving interface (ESI) is designed to minimize the power consumption during the voltage measurement and an intelligent algorithm was developed to implement the strategy.
II. SYSTEM DESIGN AND SIMULATION
A wireless sensor network system powered by a piezoelectric energy harvester is usually consists of three main units: an energy generator, an energy harvesting module, and a WSN node.
The generator is a specific material or transducer which used to convert the ambient vibration energy surrounding the system into the useful electrical power. As the harvester deflects in both directions with different amplitudes, the raw output of the harvester is an AC waveform whilst the value changes irregularly. The energy harvesting module is then used to rectify and regulate the AC power into a DC power for the WSN node. The WSN node is typically made up of a microcontroller, a wireless transceiver and different sensors. The microprocessor controls different sensors to sample data, processes and packets the data to the wireless transceiver, and handles the radio communication with other nodes. As the scavenged energy from the harvester is very limit which can't power the WSN node in a continuous active mode, the microprocessor turns off the CPU, high-frequency oscillators, RF transceiver and other peripherals to make the system enter a power-saving sleep mode after all the tasks are completed.
To select the suitable components for the system design, a research was carried out to investigate the commercially available products including the vibration energy harvesters, power management ICs, low power wireless MCUs, and ultralow power sensors in terms of the power consumption, operating voltage, accuracy, and interface support etc. Fig. 1 shows the block diagram of the proposed WSN system which consists of three main subsystems, energy harvesting unit, MCU & wireless transceiver unit, and sensors unit. The ambient vibration energy is harvested by V25W (Piezoelectric energy harvester, from Midé Technology), rectified and regulated by LTC3588-1(Nano-power Energy Harvesting Power Supply, from Liner Technology), and then outputted to power iM222A (ZigBee Network Processor module, from IMST GmbH) and three sensors (HDC1000 from TI, LIS2DH and LPS25H from ST) in the system. The extra energy is stored in a capacitor during an inactive mode and consumed for the burst operation in the active mode. 
A. Energy harvester
To harvest useable electrical power from useless mechanical vibrations in an aircraft environment, a piezoelectric energy harvester, Volture™ V25W from Midé Technology, is employed in the system as the transducer. The dimension of the harvester is about half the size of a credit card and the weight of it is only 6 grams. It has a wide work frequency range, from 40 Hz to 120 Hz. As the frequency of the vibration occurs on an aircraft is between 0-300Hz depending on different operations [19] , the harvester satisfies the requirement and can be employed in the aircraft environment.
Figure 2 Structure of the piezoelectric cantilever vibration harvester
As shown in Fig. 2 , to get the maximum power, the piezoelectric energy harvester is usually fixed in a cantilevered configuration on the vibration source and tuned to the match the resonant frequency of the vibration source with the use of a tip mass. A tip mass has the effect of driving down the natural frequency of the harvester, increasing the harvested energy and reducing the complete cycle time [29] .
B. Energy harvester module
As discussed before, the piezoelectric harvester generates the energy in the form of an AC voltage while the need of the WSN node is a regulated DC voltage, also the output power from the harvester is range from µW to mW while the power consumption of the WSN node is µW (sleeping) to tens of mW (processing), an energy harvesting module is needed to maintain an effective running of the WSN node. As shown in Fig. 3 , the module rectifies the input AC current power from the energy harvester, charges the storage device, converts and steps down the energy into a well-regulated DC power, and outputs the energy to supply the target components.
Figure 3 Principle of a typical vibration energy harvesting module
An integrated chip LTC3588-1 from Liner Technology is employed to achieve the above targets. All the critical components used for the power management are integrated together into one single chip on LTC3588-1, including a fullwave diode bridge rectifier with a total drop of about 400mV loss, an efficient UVLO module with a wide hysteresis window that accumulates/stores the energy on a storage capacitor during the sleeping state and a DC-DC buck converter that outputs a regulated DC voltage.
The input operating voltage range of this chip is from 2.7V to 20V and an internal input protective shunt is used to support up to 25mA pull-down when the input voltage exceeds 20V. Low quiescent current is also necessary in a power management system to maximize the overall efficiency, especially for high output impedance energy sources such as piezoelectric harvester. LTC3588-1 has a quiescent current of only 450 nA during the under voltage lockout (ULVO) mode and 950 nA during the output in regulation (with no load), making it ideal for the piezoelectric energy harvesting based applications. In addition, it can output current up to 100mA with four selectable voltages (1.8V, 2.5V, 3.3V, or 3.6 V), making it meets the need of most WSN system applications.
C. Energy Storage
As the energy generated by the piezoelectric harvester from the environment is low and intermittent, energy storage is needed to accumulate and store the energy. The energy storage works like a buffer, it reserves the energy for a later burst power consumption like the radio transmission, which consumes a high current (tens of mW) with a short duration (few milliseconds). The most common used storage devices are electrolytic/tantalum capacitors, supercapacitors, or rechargeable batteries. Compared with the capacitors, supercapacitors and rechargeable batteries have a bigger capacity which is very useful in the high energy consume applications. However, as the energy generated by the piezoelectric harvester is very small, it will take a long time to charge these high-volume energy storage devices. For the energy harvesting applications use capacitors as the energy storage, equivalent-series resistance (ESR) and leakage current (DCL) of the capacitor are the main parameters need to be considered during the design. High ESR causes a capacitor to dissipate power, particularly when subject to high AC currents. As such, the use of low ESR capacitors results in overall higher efficiency in an energy-harvesting subsystem. Leakage current exerts a more profound effect in designs using very-low-energy ambient sources and rises as a significant limitation in the ability to apply more familiar types of capacitors in energy-harvesting designs [30] . Based on the above discussion, two tantalum capacitors (100 µF) with low ESR (0.3 Ohms) and low DCL (25 µA) are adopted to connect in parallel in this design. The energy stored on a capacitor is given by (1):
D. A novel design of the synchronous voltage monitor circuit
for storage capacitor The voltage on the storage capacitor should be known to calculate how much energy has been generated and stored for the periodic task scheduling. As an internally reference voltage (1.15V) provided by CC2530 is selected as a stable reference for the ADC operation and the maximum input voltage applied to the ADC pins cannot be higher than 3.3 V according to [31] , a voltage divider in the blue rectangle in Fig.  1 is used to prevent damage to the chip. For a smaller current consumption, larger resistors should be chosen for the divider resisters. One notable point to mention is that the ADC input is a switched capacitance stage which draws current during the conversion, a typical input impedance (R ADC ) found in a device is 176 KΩ from [32] . Thus two commercial available resistors (9.6 KΩ, 165KΩ) are chosen by considering of the magnitude of R ADC . However, as long as there is voltage presents on the V IN , the divider resistors consume the energy all the time even when no ADC conversion is being carried out. The current costed by these resistors, for instance, when VIN =10V, is 57.4 µA. It is a big consumption compared with the input quiescent current (450nA / 950nA) of power management IC and the consumption increases as the voltage increases. A novel synchronous energy saving interface (ESI) is designed to eliminate the unwanted waste. The energy saving concept is illustrated in Fig. 1 : the ESI (presented in rectangle with red dotted border) establishes a bridge between the voltage divider and the storage capacitor. Two MOSFETs are used to act like smart switches together with the control signal EN ADC . During the operation of the ADC conversion, a high logic level from the MCU is given on EN ADC , turning on Q2 and then Q1, consequently connecting the voltage divider circuit with VIN on the storage capacitor. As soon as the conversion is completed, a low logic level is given on EN ADC , which turns off Q2 and Q1, accordingly disconnects the voltage divider from the VIN. As a result, the current dissipated on the voltage divider circuit and ESI will only exist during the conversion. After that, the power consumed on these circuits is quite small and relatively negligible.
E. WSN node design
As the energy harvested from the environment tends to be small and intermittent, a successful design needs a low power microcontroller and wireless transceiver with different powersaving features. A commercial available RF module iM222A from IMST is used in the WSN node. The main component of this module is TI CC2530, which integrates an enhanced 8051 MCU core together with an excellent RF transceiver and is compatible with the ZigBee protocol stack (Z-Stack™) from Texas Instruments. Z-Stack is a complete protocol stack and application development solution that conforms to ZigBee Alliance standards, providing the support for manufacturerspecific or proprietary wireless implementations, and employing the full mesh networking capabilities offered by ZigBee technology. CC2530 also incorporates advanced power-management functionalities that can be used when power consumption is a concern such as the applications based on harvesting energy. These functionalities allow the use of different low-power modes (PM1, PM2, and PM3), range from disabling particular peripherals to placing the device into a hibernation state. In addition to the power saving functions, the built-in ADC (Analog-to-Digital Conversion) function making it possible to monitor the voltage of the storage capacitor in the algorithm design.
Three MEMS-based sensors are used to monitor airplane performance associated parameters, such as vibration, pressure, and temperature. These data are sent to the central station to provide operators with information that can be used to adjust airplane performance factors, analyse performance issues, alert sudden changes, and make comparisons with other airplanes within the fleet. The sensors used in this project all have very short initialisation time and conversion time so as to have low power consumption for data acquisition. All the sensors are designed to communicate with the microcontroller through the I2C interface to reduce wiring and simplify the circuit design. As there is no I2C hardware module provided in CC2530, the I2C communication will be implemented though two general purpose I/O pins in the software level.
III. SIMULATION

A. Model development in LTspice IV
To validate the hardware design and evaluate the performance of the system, LTspice IV from Linear Technology is used as the simulation implementation in this paper. As depicted in Fig. 2 , a simulation model is built in terms of the power consumption in Error! Reference source not found. and initial tests prior to the simulation.
Fig. 2 Schematic of the simulation circuit in LTspice IV
The circuit in the left red rectangle simulates the voltage measurement circuit for the storage capacitor. The net ADC_IN is the output from the voltage divider which represents the proportion of the voltage on the storage capacitor, and the net ADC_EN is the command from MCU to trigger the ADC conversion only when needed for power saving. The middle circuit in blue rectangle simulates the behaviors of the vibration energy harvesting and power management circuit together with the storage capacitor. The last circuit in green rectangle simulates the operations of the MCU in different scenarios (start-up, normal processing, and sleeping), the wireless transmission of the RF module, and the sensor board. An independent voltage source (V1) with a sine wave is used as the vibration energy harvester, and another voltage source (V2) with a pulse wave simulates the behavior of the control signal from MCU. The current source (S0) simulates the behavior of the leakage current of the storage capacitor while other seven current sources (S1 to S7) with pulse wave represent the current consumption of the loads (MCU, RF, and Sensors) in various scenarios. Fig. 3 illustrates the time history of the voltage across the storage capacitor and the voltage measured by the divider circuit (a) without and (b) with the ESI respectively. As can be seen from Fig. 3(a) , the input voltage sharply went up to 10 V at the beginning, but the rate of the growth slowed down subsequently until it reached 11.5 V. Finally, it stopped growing and remained stable around 12 V. The reason behind this is that the circuit without the ESI measures the input voltage all the time, the dissipation on the divider resistors keeps increasing as the input voltage grows. When the input voltage reaches 11.5 V, the dissipation is almost equal to the output power of the harvester. Consequently, no energy will be stored on the input capacitor and the voltage across it stops rising. On the contrary, with the use of ESI, the dissipation on the measurement circuit only exits during the ADC conversion. Accordingly, the input voltage can keep increasing and energy is reserved on the capacitor for later delivery. The energy consumed by the ADC circuit without ESI is 145.57 mJ and the total output energy of the harvester is 165.23 mJ while the value of the ADC circuit with ESI is 38.81µJ and 29.877mJ during the 200 seconds simulation. Thus the power loss ratio between the two circuits without/with ESI is 88.1% and 0.13% respectively. It is apparent that the dissipation on the voltage measurement circuit is reduced to the lowest levels by the use of the ESI, making it possible for the power management unit to reserve more energy on the storage capacitor for the loads. Fig. 4 depicts the different behaviors of both the power management unit and the loads in the first 50 secs after the harvester starts working. The green curve describes the trend of the input voltage VIN (voltage across the store capacitor) while the blue line shows the corresponding output voltage respectively. Another red curve presents the representative current consumption of the loads in different operations. As is shown in the picture, the input voltage keeps rising steadily until it reaches the rising threshold of the VUVLO (4.8 V) after 3.4 secs from the start, then it suffers a slight drop as the converter is triggered to output a DC voltage of around 3.3 V at the same time. From this time onwards, the input voltage remains growing to 13 V after about 23 secs while the output voltage maintains a constant value of 3.3 V for the loads. The initialization of the system is performed after 26 secs from the beginning and lots of energy stored in the capacitor will be transferred to this burst operation. Therefore the input voltage experiences a considerable decrease from 13 V to 4.4 V during the operation which lasts 400 msecs. After completion of the initialization, the input voltage restores itself to a steady upward trend and undergoes small fluctuations in every cycle. In brief, the results from the simulation demonstrate that the proposed system design is feasible and effective. Fig. 5 shows the final assembled WSN system integrated with the piezoelectric energy harvester, the dimensions of the integrated system are 138 mm long, 41 mm wide, and 23 mm high while the weight is 40 grams without the tip mass. 
B. Simulation results and analysis
C. Hardware design and assembly
IV. SOFTWARE DEVELOPMENT
A. Configuration of the Z-Stack protocol for energy harvesting applications
The Z-Stack protocol from Texas Instruments runs on CC2530 SoC provides a complete solution for ZigBee application. It is a powerful implementation tool for wireless embedded system, acting like a board support package which consists of a hardware abstraction layer (HAL) and an operating system layer (OSAL). HAL providing interfaces and drivers for the hardware while OSAL offering a mechanism for tasks scheduling and resources allocation, as every operation in OSAL performs like a task and different tasks can communicate with each other by the use of the message queue. User applications can be added in APP task array and run on tasks. The default Z-Stack protocol provides a strong support for nodes operated on batteries instead of harvested energy [33] . As shown in Fig. 6(a) , after start of the system, the OSAL performs the initialization operations before enters the main loop. In the main loop, the OSAL polls the task list and carries out active tasks. The whole system will not enter the sleep mode until all the tasks are finished. To operate the Z-Stack protocol on the devices based on energy harvesting, meaningful changes must be made in node behaviours to prevent the system power down. Nodes running on harvested energy may be programmed so that their energy constraints are short term while battery operated nodes have strong long term energy limitations. Based on the study and analysis of the Z-Stack protocol, the most important approaches to migrate the original protocol to the devices powered by harvested energy are the power saving and network preserving configuration. As the energy stored on the capacitor is limited, prolonged normal operation is impossible, therefore, the system needs to enter a low power mode after processing as soon as possible to prevent unexpected power down. The power saving option is enabled and used to minimize power consumption by making the system enter a sleep mode when no task is active. Every time when the system wakes up from the sleep mode, the device needs to perform the network joining process again which consumes lots of energy. The best means to reduce the consumption is enable the network preserving function, so that the configuration items like PAN ID and network settings will be saved in non-volatile (NV) memory and the device will not need to repeat the initial setup after each power cycle. In addition, the default functions like the control of the LCD, LED, KEY, and UART etc. are disabled to reduce the workspace size and build time of the code and minimise the power consumption. Fig. 6(b) , an initial algorithm is developed based on the modified Z-Stack protocol to manage the power and prevent unexpected shutdowns. The proposed algorithm relies on the analysis of how much energy has been stored on capacitor to determine the executions of the operations in the system. This can be accomplished by using of the novel synchronous voltage monitor circuit. The running mechanism of the algorithm is described as follows: After the MCU is powered on, the system enters into the low power sleep mode immediately as the initialization operations consume a lot of energy. About 6 secs later, the system wakes up and measure the voltage (VSC) across the store capacitor, if enough energy is accumulated (VSC >13 V), the OSAL executes the initialization tasks, starts the system and enters the main loop. In the main loop, the system measures VSC every one second after wakes up from the low power mode. If VSC >4.5 V, the OSAL triggers measurement of the sensors and processes the data from them. Next, if VSC >6 V, the data will be sent to the coordinator wirelessly before entering the sleep mode. Otherwise, if the operation is not possible to perform, the OSAL will place the system in low power mode again and energy is harvested and accumulated for the next cycle.
C. Initial experiments and results analysis
As shown in Fig. 7 , a measurement setup is performed in a lab environment in order to measure power consumption. As the oscilloscope provides a graphical representation of the voltage and there is a linear relationship between voltage and current according to Ohm's Law, the general idea of the current consumption measurement is to visualize the current profile on an oscilloscope by measuring the voltage drop over a fixed resistor [34] . A ZigBee network is formed before the measurement by one ZigBee Co-ordinator (ZC) and one ZigBee end device (ZED) using the abovementioned adapted TI Z-Stack 2.5.1a. As network restore function is enabled, the ZED will rejoin the network effectively after power-up with no OTA traffic when the ZC is power on. The ZED is powered by a constant voltage of 3.3V and in series with a 10Ω resistor while the ZC is powered and communicated with the computer by a USB-UART adapter. The ZED is programmed to rejoin the network and send measured data to ZC periodically, and ZC is programmed to receive data and communicate with PC through serial communication port. In addition, the current consumption during the low power sleep mode is in the magnitude of µA which is too small and cannot be observed from the oscilloscope. The current is measured and reported to be the same as the value in datasheet in [34] . The error and the voltage drop introduced by the resistor are acceptable and thus they are omitted. Fig. 8(a) shows the 50 secs measurement plot of the ZED after power on. There are five operations during this measurement according to the proposed algorithm in Fig. 6(b) . Operation 1 (Entering deep sleep): After the MCU is power on, the system enters into the low power sleep mode (PM2) immediately for about 6 secs. The purpose of this operation is to accumulate more energy on the energy for the next operation. Operation 2 (OS initialization): If the voltage across the store capacitor is over 13 V, the OSAL performs the initialization of the system. Operation 3/5 (One cycle with RF): In this operation, the system controls the sensors to measure data, packets the data and sends them to the ZC. After that, it enters the low power mode for power saving. The time interval of this operation is one second. Operation 4 (One cycle without RF): The premise of operation 3/5 is that there is enough energy stored on the capacitor, on the contrary, in this operation, the system resume to sleep again without the execution of the measurement or RF communication.
The current consumption measurement plots of these operations are presented in Fig. 8(b-e) and the measured results are summarized in Table 2 . Based on the calculation and according to equation (s), the minimum voltage on the storage capacitor to carry out different operations is listed in the final column in Table 2 . The results show that the adapted Z-Stack and the proposed algorithm can be implemented on the system designed in this paper. 
CONCLUSIONS
This paper presents a design of a WSN system used for aircraft health monitoring and based on piezoelectric energy harvesting. Simulation results showed that with an excitation of 40 Hz frequency and 0.5 g acceleration on the harvester, the power management unit takes about 3.4 secs to power the system with a selected voltage and another 23 secs to perform the initialization operations of the system. After the initialization, data are measured and transmitted wirelessly with a total energy consumption of 0.65 mJ in one cycle every one second. A new power management strategy for the applications using capacitors to store harvested energy was proposed. The mechanism relies on the analysis of how much energy has been stored on capacitor to determine the executions of the operations in the system. A novel energy saving interface (ESI) is designed to minimize the power consumption during the voltage measurement and an intelligent algorithm was developed to implement the strategy. Initial experiments show that the adapted Z-Stack and the proposed algorithm can be implemented on the system designed in this paper. Further experiments should be taken to validate the design in real environments and optimize the design.
